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 ABSTRACT 

The Triboelectric Nanogenerator (TENG) has emerged as a promising technology for harvesting 

mechanical energy and converting it into electrical power. By leveraging the principle of 

triboelectrification, where electric charges are generated through frictional forces between two 

dissimilar materials, TENG offers a versatile and accessible approach to energy harvesting. This abstract 

provides an overview of TENG, including its working principle, device configurations, and potential 

applications. TENG is a revolutionary technology that enables the conversion of mechanical energy into 

electrical power through the phenomenon of triboelectrification. By exploiting the contact and 

separation of two dissimilar materials, TENGs generate electric charges that can be harvested as 

electricity. This abstract provides a concise overview of TENG, focusing on its fundamental principles, 

device configurations, and potential applications. TENGs offer numerous advantages, including self-

powered operation, high energy conversion efficiency, and adaptability to various mechanical energy 

sources. They find applications in wearable electronics, IoT devices, and environmental sensors, among 

others, offering a sustainable and scalable approach to energy harvesting. The continued advancements 

in TENG technology hold great promise for addressing energy needs and powering next-generation 

autonomous systems and electronic devices. The voltage sensitivities of the sensor are as high as 

64,000Vm-1 for contact mode and 3,00,000 Vm-1 for the freestanding mode of the TENG sensor. This 

paper aims to design, analyse, and evaluate three modes of Triboelectric Nanogenerators (TENGs) for 

their potential applications in IoT, sensors, power conservation, and power generation. The designed 

structures possess the capability to detect minute changes in electrode separation, even at the scale of a 

few millimetres. A comprehensive comparison of the properties and characteristics of these TENG 

modes has been conducted, including the variation of open-circuit voltage and surface charge densities 

for a short circuit as a function of electrode separation. Additionally, the paper highlights the TENG's 

ability to analyse and quantify the impact of external parameters on the separation. The findings of this 

study provide valuable insights into the performance and potential applications of TENGs, contributing 

to the advancement of energy harvesting technologies and their integration into various fields. 
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CHAPTER 1: NTRODUCTION

The field of energy harvesting has witnessed remarkable advancements in recent years, with the 

emergence of innovative technologies that tap into alternative sources of energy. Among these ground-

breaking developments, the Triboelectric Nanogenerator (TENG) has emerged as a promising solution 

for harnessing mechanical energy from the surrounding environment and converting it into electrical 

power. The TENG technology operates based on the principle of triboelectrification, where two 

dissimilar materials come into contact and generate electric charges through frictional forces. This unique 

mechanism offers numerous opportunities for generating sustainable and self-powered systems, paving 

the way for a wide range of applications in various industries, including wearable electronics, Internet of 

Things (IoT) devices, and environmental sensors. In this introduction, we will delve into the fundamental 

concepts behind the triboelectric nanogenerator, explore its working principles, and highlight its potential 

implications in the realm of renewable energy and autonomous systems. [1-5] 

Triboelectric Nanogenerator (TENG) is an innovative technology that has gained significant 

attention in the field of energy harvesting. It presents a unique approach to converting mechanical 

energy into electrical power by exploiting the phenomenon of triboelectrification. Unlike traditional 

energy harvesting technologies that rely on solar, wind, or thermal sources, TENG harnesses the 

mechanical energy available in our daily surroundings, making it a highly versatile and accessible 

solution. The fundamental principle behind the TENG is based on the triboelectric effect, which refers 

to the generation of electric charges when two dissimilar materials come into contact and then separate. 

During the contact, electrons are transferred between the materials, leading to the formation of positive 

and negative charges on their surfaces. [6,7] When the materials are separated, the built-up charges can 

be harvested as electricity. The construction of a TENG typically involves two essential components: a 

triboelectric layer and an electrode. The triboelectric layer is composed of two materials with 

contrasting electron affinities, creating a charge imbalance during contact and separation. The 

electrode, often made of a conductive material, collects the generated charges and provides an external 

circuit for the flow of electricity. [8] 

TENG devices can take various forms depending on the specific application requirements. They 

can be designed as single units or as arrays of multiple units interconnected to enhance power output. 

The mechanical energy sources that can be utilized include human motion, vibrations, wind, water flow, 

and even the motion of biological systems. This versatility enables the integration of TENGs into a wide 

range of applications. [9] One significant advantage of TENG technology is its self-powered nature. Once 

the TENG is set in motion, it can generate electricity without the need for external power sources, making 
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it an attractive solution for autonomous systems and low-power electronic devices. Additionally, TENGs 

exhibit high energy conversion efficiency, fast response times, and a wide operational bandwidth. The 

potential applications of TENG span across various domains. In the field of wearable electronics, TENGs 

can be integrated into clothing or accessories to harvest energy from human body movements, providing 

a sustainable power source for wearable devices such as fitness trackers or smartwatches [10-12]. They 

can also be deployed in IoT devices, where they scavenge energy from ambient vibrations to power 

wireless sensors and communication modules. Furthermore, TENGs have shown promise in 

environmental monitoring systems, enabling the deployment of self-sustaining sensors in remote areas 

[13]. 

In conclusion, the Triboelectric Nanogenerator (TENG) technology offers a novel approach to 

energy harvesting by converting mechanical energy into electrical power through the triboelectrification 

process. With its self-powered and versatile nature, TENG has the potential to revolutionize various 

industries, contributing to the advancement of sustainable and autonomous systems [14,15]. 

There are several types of Triboelectric Nanogenerators (TENGs) that have been developed based 

on different designs and configurations. Each type offers unique advantages and can be tailored to 

specific applications. Here are some common types of TENGs: 

 Contact-Separation TENG (VCS-TENG): This type of TENG consists of vertically aligned 

structures that undergo contact and separation. It typically involves a vertically movable structure 

and a fixed electrode. When the two surfaces come into contact and then separate, the triboelectric 

charges are generated and collected by the electrodes, resulting in electricity generation. VCS-

TENGs are known for their high output power and reliability. 

 Sliding-mode TENG (S-TENG): S-TENGs are designed with sliding or reciprocating motion 

between two surfaces. This motion creates friction and triboelectric charges, leading to electricity 

generation. S-TENGs can be constructed with flexible materials and are suitable for applications 

where sliding or rubbing motions are prevalent, such as wearable devices or touch-sensitive 

surfaces. 

 Single-electrode TENG (SE-TENG): SE-TENGs employ a single electrode, eliminating the need 

for two separate electrodes. The triboelectric charges are generated on the single electrode through 

contact and separation with a triboelectric material. SE-TENGs offer simplicity in design and 

fabrication, making them cost-effective and suitable for compact devices or low-power 

applications. 
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 Hybrid TENG (H-TENG): H-TENG combines the concept of TENG with other energy harvesting 

technologies, such as piezoelectric or electromagnetic mechanisms. It integrates multiple energy 

conversion mechanisms to enhance overall energy generation. H-TENGs can harvest energy from 

different sources simultaneously, increasing their efficiency and adaptability to various 

environments. 

 Rotational TENG (R-TENG): R-TENGs utilize rotational motion to generate electricity. They 

consist of rotating disks or wheels with triboelectric materials that make contact and separation with 

fixed electrodes. The continuous rotation of the disks generates a steady output of electrical energy. 

R-TENGs are suitable for applications where rotational motion is abundant, such as wind turbines 

or mechanical systems. 

 Transparent TENG (T-TENG): T-TENGs are designed to be transparent, allowing them to be 

integrated into transparent or flexible surfaces, such as touchscreens or windows. These devices 

employ transparent conductive materials and can generate electricity while maintaining optical 

transparency, enabling their use in transparent electronic devices and smart surfaces. 

These are just a few examples of the types of TENGs that have been developed. Each type offers 

unique characteristics and benefits, allowing for customization based on specific application 

requirements. The continued research and development in this field hold great potential for advancing 

energy harvesting technologies and promoting sustainable power generation [16]. 

In recent years, the rapid advancement of nanotechnology has led to the widespread use of 

nanostructures to address various modern-day challenges. Smart devices have become indispensable in 

our daily lives, from homes to industries. However, many existing devices rely on energy sources, leading 

to issues such as frequent battery changes, dependence on non-renewable energy, and limitations in 

remote areas. To overcome these limitations, the utilization of triboelectric nanogenerators (TENGs) has 

gained significant traction. TENGs are devices that convert mechanical energy into electrical energy [17]. 

They are based on two key phenomena: contact electrification and electrical induction. Contact 

electrification occurs when objects come into close proximity, inducing electric charges on their surfaces. 

Electrical induction, on the other hand, refers to the charging of an electrical conductor upon contact with 

a charged body. These phenomena enable TENGs to exhibit fast response times, compact and flexible 

structures, high efficiency, and low detection limits. TENGs operate in three different modes: contact 

mode, sliding mode, and free-standing mode. In the contact mode, the triboelectric layers are connected 

to a mechanical source and a lead wire. In the sliding mode, the top layer of the generator is horizontally 

movable, allowing for variable distance between the ends of the top and bottom layers. The free-standing 
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mode consists of three layers, with the top layer separated by a distance from the two layers below, which 

lie on the same level [18-20]. 

Wearable devices based on TENGs typically utilize the contact and sliding modes. However, for 

devices that require versatility and the ability to function with arbitrary objects, the free-standing mode 

of the triboelectric generator is crucial. By employing multiple layers connected with electrodes and 

inducing opposite static charges through external mechanical factors, the triboelectric nanogenerator 

produces high voltage with low current and high intrinsic impedance [21]. 

The first demonstration of a free-standing triboelectric nanogenerator was conducted by Sihong 

Wang in 2014. Since then, triboelectric nanogenerators have been extensively studied and utilized as 

energy harvesting systems based on sustainable resources. They find applications in various fields, 

including sensing technologies, Internet of Things (IoT), and air filtration. Overall, triboelectric 

nanogenerators offer a promising solution for harnessing energy from mechanical sources, providing an 

efficient and sustainable approach to power generation and energy harvesting [22]. 
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The traditional triboelectric generators, such as the Van de Graaff generator and Wimshurst 

machine, were invented in the late 19th and early 20th centuries. These generators were designed to 

generate static electricity through contact charges and accumulate large charge values using corona 

discharge. They produced high voltage output with no significant current but were bulky and not suitable 

for compact devices like smartwatches or sensors. 

To address this limitation, triboelectric nanogenerators (TENGs) were developed. TENGs can 

operate in a self-powered mode with a constant capacitance and fixed electric field. In this paper, the 

three modes of TENGs, namely contact mode, sliding mode, and free-standing mode, are designed, 

analysed, and their efficiencies are calculated and compared [23]. 

The TENG in this study features positive electrodes made of Al2O3, chosen for its stability and 

charge conductivity, while the negative electrode is made of polyethylene, acting as the dielectric 

material. The open-source and short-circuit voltages of the nanogenerator are shown to vary with the 

contact separation between the layers, with separation values ranging from a few millimetres and voltage 

values given in volts. The surface charge density for the short-circuited nanogenerator is also calculated 

and shown to vary with the separation between the layers [24]. The applications of TENGs in smart 

devices are demonstrated, particularly in smart sensors based on contact-based TENGs, with their 

efficiency calculated. The paper also showcases the use of TENG-based sensors in common applications 

and energy harvesting. TENGs are self-powered devices that convert mechanical energy into electrical 

energy, making them suitable for various devices to detect changes in electric current due to motion, with 

a calculated maximum sensitivity of approximately 105 Vm-1 [25]. 
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CHAPTER 2: STRUCTURAL AND DESIGN ANALYSIS 

The proposed design of the TENG aims to induce charges and generate a self-generated electric 

field by applying an external source of electricity. This design focuses on vertical separation-based 

TENGs, where two layers are stacked with a separation of millimetres.  

 

 

Fig 2.1(a) Contact separation TENG 

Figure 2.1(a) illustrates the contact separation mode of the TENG, where an external voltage (V) 

leads to the induction of opposite charges on surfaces close to each other and similar charges on opposing 

surfaces. This arrangement facilitates greater variation in separation, resulting in increased deflection in 

both open-circuit and short-circuit voltages. The vertical separation-based TENG design offers potential 

applications in energy harvesting and power generation. By optimizing the design parameters, such as 

the separation distance, the performance and efficiency of TENG systems can be enhanced. The findings 

of this study contribute to the advancement of TENG technology and its application in various fields. 

 

Fig 2.1(b) Contact sliding TENG 

While vertical separation is effective in calculating the frequency of the TENG, it may not be 

efficient for amplitude calculation. To address this, two other modes of TENG have been developed. The 

sliding mode TENG, depicted in Figure 2.1(b), features a horizontal separation between the ends of two 
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electrodes that are stacked in contact. In this mode, an applied voltage varies the horizontal distance, 

referred to as the sliding distance. By observing the variations in open-circuit and short-circuit voltages 

corresponding to the sliding distance, the amplitude of the TENG output can be determined. The sliding 

mode TENG offers an alternative approach for amplitude calculation, complementing the vertical 

separation mode. The findings of this study contribute to expanding the understanding and applications 

of TENG technology in energy harvesting and power generation systems. 

 

Fig 2.1(c) Freestanding TENG  

The most recent and highly efficient mode of TENG is the free-standing mode, depicted in Figure 

2.1(c). In this mode, two electrodes are positioned in the same plane, while a movable electrode lies 

above them at a constant vertical separation and slides between the underlying layers. The free-standing 

mode offers a superior energy harvesting structure that is electrode-free, ensuring higher stability. It is 

suitable for capturing energy from arbitrary moving objects and finds extensive applications in the 

Internet of Things (IoT) and power harvesting domains. The unique and stable structure of the free-

standing TENG makes it a popular choice for various practical implementations. This paper explores the 

design, performance, and potential applications of the free-standing TENG, contributing to advancements 

in energy harvesting and IoT technologies. 

In our model, the electrodes are constructed using Alumina or aluminium oxide due to their stable 

and highly conductive properties. The upper layer comprises a Polyethylene film with a thickness of 

approximately 50µm. Polyethylene is chosen as the material for its negative polarity in triboelectric 

generation. The Alumina electrodes are positively charged, while the Polyethylene is negatively charged 

to facilitate the triboelectric phenomenon. These materials are stacked together using acrylic sheets. 

For the contact mode, the initial separation (d) between the electrodes is set at approximately 

0.001m and varied up to 0.020m. In the sliding mode, the horizontal sliding distance is initially set at 

1mm and then varied up to 100mm, while keeping the vertical separation (d) between the electrodes 
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constant. In the free-standing mode, the initial separation is set to 0.01m and varied up to 0.05m. For 

each separation value in all the modes of TENG, the corresponding open-source voltages and short-circuit 

surface charge densities are recorded. The variations in these parameters are observed for different 

separation values to analyse the performance of the TENG system. By conducting these experiments and 

collecting data, we can gain insights into the behaviour and characteristics of the TENG system in 

different modes. This information is valuable for optimizing the design and understanding the 

performance of TENG in various applications [7]. 

Once the parameters for the contact, sliding, and free-standing modes have been defined, the 

geometric structures for each mode are created by positioning rectangles in the software. The obtained 

geometry of the TENGs is depicted in Figure (2.2). The chosen parameters for this model are as follows: 

 Length of Al2O3 electrodes: 0.064m 

 Thickness of Al2O3 electrodes: 10^-5m 

 Length of Polyethylene dielectric: 0.064m 

 Thickness of Polyethylene dielectric: 10-4m 

 Separation distance (d): 0.01006m 

These specific parameter values ensure the desired geometry and dimensions of the TENG 

structures. They are crucial for accurately simulating and analysing the performance of the TENG system 

in each mode. 

 

                            

                     Fig 2.2 (a) Geometrical model for contact mode TENG 
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                          Fig 2.2 (b) Geometrical model for sliding mode TENG 

 

Fig 2.2 (c) Geometrical model for freestanding mode TENG 

The designed geometry for the TENG modes with stacked layers with the top and bottom layers 

being Al2O3 electrodes and in the middle being the thin nanofilm of polyethylene. Fig2.2(a) Layers of 

electrodes for contact mode with contact separation being of the order of a few millimetres Fig 2.2 (b) 

The designed structure for the sliding layers of the sliding mode TENG. Fig 2.2 (c) Free-standing mode 

designed structure for TENG with two electrodes below and single electrode above them and the 

polyethylene film between the electrodes. 
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Fig 3.1 Material 

 

Materials used: 

 

 

 

Fig 3.2 Material Parameters 
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Table 3.1 Variables  
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Charge Conservation 1 (Fig 3.3) 
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Table 3.2 Variables  
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MESH  

 

 

Fig 3.4 Mesh Model 
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Fig 3.5 Dataset: Study 1/Solution 1  

 

Fig 3.6 Surface: Surface charge density (pC/m2) Streamline: Electric field    Streamline 

Color: Electric field norm (V/m) 
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Chapter 4: Contact mode TENG 

After designing the geometry of the contact mode, the materials are selected and the voltage is 

applied at the electrodes with a constant contact separation of 0.01m. After application of the voltage to 

the electrodes, there is free potential applied to each surface and thus, there is a generation of the electric 

field between the electrodes and in the external surrounding medium which is taken as air. The electric 

field norm is run for the stationary frequency mode analysis of the contact mode TENG model, then, the 

obtained model showing the distribution of electric field is as shown in figure 4.1. The figure basically 

shows the surface electric potential lying between the electrodes when the separation is changed from 

0.06 to 0.013 meters. The electric field cloud is increasing with an increase in contact separation which 

is basically shown by the blue and red coloured fields taken. The positive and the negative charges are 

thus induced and when there is a short circuit applied the induced charges generate a surface charge 

density which also depends on the contact separation as is further shown in the curves. 

 

 

 

 

 

 

Fig 4.1. The mesh structure for the TENG geometry showing the minute details of the electrodes and 

their separation. 

The variation in the contact mode separation, d yields an increment in open circuit potential 

difference(V), which is high from distance 0 to 0.015m and then a slow increment is there with distance. 

This variation is seen in figure 4.2. The open-circuit voltage can be calculated by the following equation 

[6], 

𝑉 =
𝜎𝑑

𝜀
                                                                                         (1) 

Where, 𝜎 is the triboelectric charge density which is predefined and 𝜀  is the permittivity of free 

space. 
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Fig 4.2 Electric field norm of contact mode TENG showing the distribution of the electric field when 

the electrodes that are positive and negative are close to each other. With the Polyethylene layer being 

negative and the Al2O3 layers being positive. The distance of separation for (a)d=0.006m (b)d=0.013m (c) 

d=0.016m and (d) d=0.019m. 

From figure 4.3, it is observed that after applying the free potentials to the surfaces of the electrodes 

there is a generation of the open-source voltage at a constant contact separation. When the contact 

separation is further increased, there is a linear increase observed in the value of open-source voltage up 

to 0.005m. However, when the distance is further increased up to 0.020m, the rise in the open-source 

voltage is less and more of a constant or slightly rising curve is achieved. 
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Fig 4.3 Open circuit voltage versus contact separation distance curve showing the potential 

difference at the y-axis and the separation distance between the electrodes in meters at the x-axis. 

The surface charge density is calculated by using the equation [7], 

𝜎 =
𝐵𝑃𝜀 (𝑑 + 𝜀 𝑥)

(ln(𝑃𝑥) + 𝐶)𝑑
                                                                             (2) 

 

where B and C are constants defined by the composition of material and pressure, P is atmospheric 

pressure of 101Pa, 𝜀 , and 𝜀 are the permittivity of free space(8.85 × 10 𝐹𝑚 ) and relative 

permittivity of the material medium, respectively. From figure 4.4, Therefore, the surface charged density 

is almost constant when the separation of the Al2O3 electrodes and the polyethylene thin film is from 

0.010 to 0.020 meters. Whereas when the separation is of the order of a few millimetres there is a steep 

increase observed in the surface charge density. 
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Fig 4.4 Surface charge density (Cm-2) versus separation distance, d(m) for short the circuit mode, 

i.e., when the electrodes are grounded and the floating potential is removed. 
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Sliding Mode TENG 

After fabricating the sliding mode geometrically, the materials are selected and the voltage is 

applied at the electrodes with a constant contact separation of 20.1mm. After application of the voltage 

to the electrodes, there is free potential applied to each surface and thus, there is a generation of the 

electric field between the electrodes and in the external surrounding medium which is taken as air. The 

electric field norm is run for the stationary frequency mode analysis of the sliding mode TENG model, 

then, the obtained model showing the distribution of electric field is as shown in figure 4.5. The figure 

basically shows the surface electric potential lying between the electrodes when the separation is changed 

from 20.1 to 98.1 millimetres. The electric field cloud is increasing horizontally with an increase in 

sliding separation which is basically shown by the blue, orange, and yellow-coloured fields taken. The 

positive and the negative charges are thus induced and when there is a short circuit applied the induced 

charges generate a surface charge density which also depends on the contact separation as is further 

shown in the curves. 

  

  

 

 

 

 

 

Fig 4.5. Electric field norm of the sliding mode TENG with showing the concentration of electric field 

near both the electrodes that are separated horizontally and the for the polyethylene film when the sliding 

distance (a)d=0.02m (b)d=0.05m (c) d=0.08m and (d) d=0.098m. 
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The variation in the sliding mode separation, d yields a constant increment in open circuit potential 

difference(V), calculated by equation (1) which can be seen in figure 4.6. From figure 4.6, it is observed 

that after applying the free potentials to the surfaces of the electrodes there is a generation of the open-

source voltage at a constant contact separation. When the contact separation is further increased, there is 

a total linear increase observed in the value of open-source voltage up to 100mm. The open-source 

voltage of the sliding mode of the TENG is directly proportional to the sliding distance. 

 

Fig 4.6 Open circuit voltage versus sliding distance(mm) linear curve showing the open circuit potential 

difference at the y-axis and the separation distance between the electrodes in millimetres at x-axis. 

 

Fig 4.7 Surface charge density (Cm-2) versus separation distance, d(mm) for short the circuit mode, 

i.e., when the electrodes are grounded and the floating potential is removed 
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The variation in surface charge density of TENG as calculated by equation (2) is shown in figure 4.7. 

Therefore, the surface charge density is almost constant when the separation of the Al2O3 electrodes and 

the polyethylene thin film is from 0 to 60 millimetres. Whereas when the separation is of the order of 60 

to 100 millimetres there is a steep increase observed in the surface charge density. 

 

 

 

  



29  

Freestanding Mode TENG 

The designing of the free-standing mode after the materials are selected and the voltage is applied 

at the electrodes with a constant contact separation of 0.042975mm. After application of the voltage to 

the electrodes, there is free potential applied to each surface and thus, there is a generation of the electric 

field between the electrodes and in the external surrounding medium which is taken as air. The electric 

field norm is run for the stationary frequency mode analysis of the free-standing mode TENG model, 

then, the obtained model showing the distribution of electric field is as shown in figure 4.8. The figure 

basically shows the surface electric potential lying between the electrodes when the separation is changed 

from 0.04 to 0.11 meters. The electric field cloud is increasing horizontally with an increase in sliding 

separation which is basically shown by the blue, orange, green, and yellow-colored fields taken. The 

positive and the negative charges are thus induced and when there is a short circuit applied the induced 

charges generate a surface charge density which also depends on the contact separation as is further 

shown in the curves. 

  

  

 

Fig 4.8 Electric field norm of the sliding mode TENG with showing the concentration of electric field 

near both the electrodes that are separated horizontally and the for the polyethylene film when the free-

standing vertical contact separation, (a)d=0.043m (b)d=0.062m (c) d=0.083m and (d) d=0.11m. 
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The variation in the freestanding mode separation, d yields a zig-zag pattern in variation of open 

circuit potential difference(V), calculated by equation (1), which can be seen in figure 4.9. The increase 

in the open-circuit voltage is observed when the distance is varied from 0 to 0.02 meters while there is a 

decrease in the open-circuit voltage from 0.02 to 0.03 meters and then, again, an increase in the open-

source voltage is observed from 0.035 to 0.04 meters of contact separation followed by a decrease at the 

last 0.045-0.05 meters. 

 

Fig 4.9. Open circuit voltage versus sliding distance(m) linear curve showing the open circuit 

potential difference at the y-axis and the separation distance between the electrodes in millimetres at the 

x-axis. 

 

Fig 4.10 Surface charge density (Cm-2) versus separation distance, d(m) for short the circuit mode, 

i.e., when the electrodes are grounded and the floating potential is removed. 
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The variation in surface charge density of TENG as calculated by equation (2) is shown in figure 

4.10 and when the dielectric constant value is set to 1 unit (figure 12), a linear curve is observed. The 

non-uniform variation in the surface charge density is because of the dielectric constant which depends 

on the thin film of polyethylene. When the dielectric constant value is set to 1, then even in free-standing 

mode the surface charged density (figure 4.11) is linearly increased with respect to the distance of 

separation. 

 

Fig 4.11 Surface charge density versus displacement(m) when dielectric constant=1 
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TENG AS WEARABLE DEVICES IN IoT 

IoT is the internet of things that are embedded with sensors, power backups, software, and other 

technologies. TENGs have the capability of converting mechanical energy into electrical signals. The 

principle behind TENG being used in IoT is that whenever there is a motion, i.e., mechanical or kinetic 

energy, the contact separation in the respective modes of TENG changes and there is a high output 

voltage. This change in the open-circuit voltage can be utilized in two ways. First for sensing the motion 

and the rate of motion. For example, smartwatches can detect the intensity of motion by the change in 

the contact separation of the electrodes. Secondly, the mechanical energy that is converted into electrical 

signals can now be used to charge the watch and hence act as a power management system. The 

application of TENG in IoT and electronic Power management has been depicted in the following 

diagram.  

 

 

 

 

 

 

 

 

Fig 4.12 Application of TENG in IoT and electronic Power management 

For TENG based sensors, the voltage sensitivity can be calculated by the equation,[20] 

𝑆 =
𝑑𝑉

𝑑𝑠
                                                                                        (4) 

Were, 𝑑𝑉 is the change in voltage, 𝑑𝑠 is the change in the distance. So, the following are the 

sensitivities in Vm-1 for the respective sensors. 
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Table 4.1 Sensitivities of different modes of TENG based sensors 

Type of TENG sensor Sensitivity 

Contact mode 64000 Vm-1 

Sliding mode 0.77x 10-5Vm-1 

Freestanding mode 3,00,000 Vm-1 
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CONCLUSION 

For the current developments and revolution in the fields of Internet of Things and Power 

Harvesting nowadays, the Triboelectric Nanogenerator based sensors are evolving many folds. The 

three-dimensional TENG has been designed and analysed for all the modes, namely contact mode, sliding 

mode, and the free-standing mode. The electric field norms-based simulation and results for each mode 

of the TENG model have been shown. For contact mode, when contact separation is varied, the open-

source voltage increases up to a point, and then the increment is slow and the surface charge density has 

also shown similar variation. For sliding mode, there is a less increase in open-source voltage, however, 

the surface charge density has shown a steep increase. The best results have been shown by the 

freestanding mode in terms of sensitivity. The sensitivity is of the value of 3 × 10 𝑉𝑚 . For open-

source voltage and surface charge density, there is a zig-zag pattern. However, there is a linear variation 

of surface charge density of the free-standing mode when the dielectric constant value is equal to 1. The 

different modes of TENG are basically used for different applications and have great advantages in the 

field of IoT and power harvesting-based devices.  
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FUTURE SCOPE 

 

Based on the developments and advancements in the fields of Internet of Things (IoT) and power 

harvesting, the Triboelectric Nanogenerator (TENG) based sensors have shown significant progress. In 

this paper, a three-dimensional TENG has been designed and analysed for various modes including 

contact mode, sliding mode, and free-standing mode. The simulations and results based on electric field 

norms have been presented for each mode of the TENG model. The results obtained from the contact 

mode analysis demonstrate that as the contact separation varies, the open-source voltage initially 

increases up to a certain point, after which the increment becomes slower. The surface charge density 

exhibits a similar variation pattern. In the sliding mode, there is a comparatively lower increase in the 

open-source voltage, but the surface charge density shows a steep increase. On the other hand, the free-

standing mode exhibits the best results in terms of sensitivity, with a sensitivity value of 3×10^5 Vm-1. 

The open-source voltage and surface charge density in this mode demonstrate a zig-zag pattern. 

Interestingly, when the dielectric constant value is equal to 1, there is a linear variation in the surface 

charge density of the free-standing mode. These different modes of the TENG have diverse applications 

and offer significant advantages in the field of IoT and power harvesting-based devices. The findings of 

this research highlight the potential of TENG-based sensors for various applications in the future [26]. 

Based on these results, the future scope of this study can be outlined as follows: 

1. Optimization of TENG Design: Further research can focus on optimizing the design of the TENG for 

enhanced performance. This can involve exploring different materials, configurations, and geometries 

to maximize power generation and sensitivity. Additionally, investigations can be conducted to 

determine the optimal contact separation distance and other parameters to achieve improved 

performance. 

2. Integration with IoT Systems: The integration of TENG-based sensors with IoT systems presents 

numerous opportunities. Future work can explore the development of smart and self-powered IoT 

devices by incorporating TENG sensors into various applications such as environmental monitoring, 

healthcare, structural health monitoring, and wearable technologies. This integration can enable 

energy-efficient and sustainable IoT solutions. 

3. Enhancement of Sensitivity: Efforts can be made to further enhance the sensitivity of TENG-based 

sensors. This can involve exploring novel materials, surface modifications, and electrode 
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configurations to achieve higher sensitivity and detection limits. The aim would be to improve the 

ability of TENG sensors to detect and measure subtle changes in the environment or physical 

parameters. 

4. Real-world Implementation: Future research can focus on translating the laboratory-based findings 

into real-world applications. This may involve addressing challenges related to scalability, reliability, 

and durability of TENG-based sensors. Prototyping and testing in relevant environments can provide 

valuable insights into the feasibility and practicality of deploying TENG sensors in various industries 

and domains. 

5. Energy Harvesting Applications: The power harvesting capabilities of TENG can be further explored 

and harnessed for practical applications. Future studies can investigate the integration of TENG with 

energy storage devices and power management systems to develop self-powered devices or systems. 

This can contribute to the development of energy-autonomous systems that rely on harvested energy 

from the surrounding environment. 

6. Multi-modal TENG Systems: The combination of multiple TENG modes or the development of 

multi-modal TENG systems can be an interesting avenue for future exploration. Investigating the 

synergistic effects and capabilities of different TENG modes working together can lead to the 

development of more versatile and efficient energy harvesting and sensing systems. [27,28] 
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